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Plasma nucleotide phosphohydrolytic cascades are markedly disordered in the Cd39-null mouse, resulting in aberrant activation of purinergic/pyrimidinergic type-2 nucleotide receptors (P2R). This relative failure to generate adenosine within the vasculature results in decreased type-1 purinergic/adenosine receptor activation and disordered vascular inflammatory responses in the Cd39-null mouse (4) .
Acute onset of portal hypertension, as occurs with mesenteric vein thrombosis, may be associated with significant derangements in the microcirculation of the gut that may lead to intestinal ischemia and infarction (18, 19) . These changes may be also seen in more subacute processes, such as cirrhosis, and are considered secondary to the release of local vasodilators [including nitric oxide (NO) and adenosine among others], leading to a hyperdynamic circulation (21) . Portal hypertension induced by partial portal vein ligation (PPVL) is associated with elevated levels of TNF-␣ and NO production, both of which can result in oxidant and inflammatory injury (18, 22) . The formation of reactive oxygen species may also be important in the pathogenesis of these hemodynamic changes (13, 30) . In addition, splanchnic vasodilation in the setting of portal hypertension is associated with intestinal edema, hemorrhage, and permeability changes of the small intestine (2, 15) .
We previously demonstrated that Cd39 activity modulates platelet activation, thromboregulation, and vascular permeability/leak during intestinal ischemia reperfusion injury in vivo (3, 16) . In addition, we also showed that, in Cd39-null mice, total NTPDase activity in mesenteric tissue is markedly decreased (16) . Expression of Cd39/NTPDase1 by the hepatosplanchnic endothelium may be a key element in the regulation of the nucleotide ATP (vasoconstrictor at vascular smooth muscle P2X receptors) to nucleoside adenosine (vasodilator) levels and consequently of portal hemodynamics and intestinal permeability in vivo (8, 16) . Lastly, although portal hypertension may be associated with increased intestinal edema and permeability, the exact mechanisms how this occurs have not been completely elucidated (34) .
Modulation of extracellular nucleotide levels may play an important role in the pathogenesis of intestinal edema, hemorrhage, and permeability in portal hypertension. Therefore, the aim of this investigation was to examine the role of Cd39/ NTPDase1 in the regulation of portal vein hemodynamics, vascular integrity, and intestinal permeability in a murine model of portal hypertension of portal vein stenosis induced by PPVL.
MATERIALS AND METHODS
Animals. Cd39-null (Ϫ/Ϫ) and control wild-type (ϩ/ϩ) mice were housed and bred in our own facility on the C57BL6 background and have previously been characterized in detail (5, 11 Portal pressure measurements. Measurement of portal pressure (PP) was performed as described previously (17) . A catheter from the portal vein was connected to a highly sensitive pressure transducer (PowerLab 4SP-AD Instruments), and pressure was registered on a multichannel recorder. The external zero reference point was placed at the midportion of the animal. PP was measured by inserting a saline-filled 32-gauge microcannula (cat. BS4 59 -8305; Harvard Apparatus, Holliston, MA) into the portal vein toward liver. The insertion was achieved by a one-time penetration with no blood leak or suture ligation. The microcannula was connected to a short length of PE-10 tubing, which in turn was joined to PE-50 tubing and connected to a PowerLab pressure transducer. All readings were performed in triplicate, monitored, and saved on a computer. Baseline PPs were measured in Ϫ/Ϫ and ϩ/ϩ mice. In the nonoperated state, both Ϫ/Ϫ and ϩ/ϩ mice received ATP, at a dose of 100 M at 50 l/min for 30 s, and PPs were recorded. Additionally, PPs were measured in both Ϫ/Ϫ and ϩ/ϩ mice before, during, and after adenosine 5 mol/kg per min for 30 s. Similarly, a NO inhibitor, N -nitro-L-arginine (L-NNA), at a dose of 24 g/g was administered to both Ϫ/Ϫ and ϩ/ϩ mice (basal state), and PPs were recorded; afterward, ATP was administered, and PPs were recorded again.
Induction of portal hypertension by PPVL. PPVL was induced in Cd39-null mice (Ϫ/Ϫ; n ϭ 44) and wild-type (ϩ/ϩ; n ϭ 23) mice, and sequential PPs were measured at defined time points.
PPVL was performed as previously described elsewhere (17) . Animals were anesthetized with ketamine hydrochloride (Ketalar, 100 mg/kg; Parke-Davis, Avon, CT) and xylazine (10 mg/kg; Phoenix Pharmaceutical, St. Joseph, MO) as described elsewhere (5, 16) . After a midline abdominal incision, the portal vein was identified and freed, and a ligature (silk gut 6 -0) was placed around a 27-gauge blunttipped needle alongside the portal vein. After removal of the needle there was a calibrated stenosis of the portal vein. The same procedure was performed in sham mice but without ligature of the portal vein. Afterward, animals were housed in plastic cages and allowed free access to food and water. Pressure studies were performed 1-4 days after the operation with absence of portal vein thrombosis confirmed (1, 17) .
Cd39/NTPDase1 expression. Expression of Cd39 on mesenteric and pancreatic tissue samples was performed after induction of PPVL as previously described by Western blot analysis (16) .
Splenectomy. After euthanasia, splenectomy was performed in both Ϫ/Ϫ and ϩ/ϩ animals. Spleens were weighed (g) to calculate spleen/body ratio. This ratio is an estimate of the degree of venous congestion in the splanchnic circulation (33) .
Intestinal permeability. Tissues were harvested from euthanized animals at 2 or 4 days after PPVL following permeability studies (Ϫ/Ϫ; n ϭ 4) and (ϩ/ϩ; n ϭ 4). Intravenous Evans blue dye was given 10 min before blood-flow release (injection of 8 l 0.5% dye/g body wt). The portal vein was cut open, and perfusion with prewarmed saline via the left cardiac ventricle was performed until portal outflow was clear. Ileal tissue samples were rinsed with 10 ml of prewarmed saline and snap frozen.
The accumulation of Evans Blue dye in tissue specimens is closely linked to the transport of albumin across endothelial surfaces and therefore is considered a measure of vascular permeability (20) . Intestinal vascular permeability was quantified by intravenous administration of Evans Blue as described previously and measured spectrophotometrically (20) . In brief, weight of snap-frozen jejunal specimens was determined (ϳ50 mg), and formamide (1.5 ml; Fisher Scientific, Fairlawn, NJ) extraction was performed for 2 h at 55°C. Light adsorption was read in triplicate at a wavelength of 610 nm and subtraction of reference adsorption at 450 nm was performed. Data were expressed as light adsorption [optical density (OD)/g] in arbitrary units per gram of tissue weight.
Statistics. All data are expressed as means Ϯ SE. Calculations were performed using the SPSS software package (SPSS 11.0, Chicago, IL). For statistical analysis a Wilcoxon test was used as appropriate. Survival rates were calculated according to the Kaplan-Meier-method and compared using the log-rank-test. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Portal hypertension and hemodynamics. PP recordings after ATP (and prior L-NNA) administration for both Ϫ/Ϫ (n ϭ 9) and ϩ/ϩ (n ϭ 9) in quiescent state are shown in Fig. 1 . Basal PPs were comparable in both groups. Mean PP before and after ATP infusion was 4.4 Ϯ 0.8 mmHg and 5.4 Ϯ 0.8 mmHg in (ϩ/ϩ) and 4.9 Ϯ 0.5 mmHg and 3.96 Ϯ 0.2 mmHg in Ϫ/Ϫ animals, respectively (P Ͻ 0.0001) (Fig. 1) . Under basal conditions, ATP administration alone had minimal effects on PP in ϩ/ϩ animals but did drop pressures in Ϫ/Ϫ mice. The effects of adenosine on PP were recorded before and after administration for both Ϫ/Ϫ (n ϭ 4) and ϩ/ϩ mice (n ϭ 4), in quiescent state. Wild-type and Cd39-null mice had comparable changes in PP (0.69 Ϯ 0.23 vs. 0.42 Ϯ 0.03 mmHg; P ϭ 0.36) although Ϫ/Ϫ mice exhibited accelerated responses (19.5 Ϯ 1.5 s) vs. ϩ/ϩ (86 Ϯ 13 s; P ϭ 0.005). L-NNA administration followed by ATP altered PP in ϩ/ϩ animals (n ϭ 6) from 4.4. Ϯ 0.8 mmHg to 4.1 Ϯ 0.2 mmHg (P ϭ 0.163). In contrast, PP transiently dropped after L-NNA in Ϫ/Ϫ animals (n ϭ 5). More importantly, however, this blockade of NO release preceding ATP administration in Ϫ/Ϫ mice had the effect of increasing PP from 4.9 Ϯ 0.5 mmHg to 5.4 Ϯ 1.3 mmHg (P ϭ 0.137) (Fig. 1) .
A total of 23 ϩ/ϩ mice and 44 Ϫ/Ϫ mice were studied for PPVL. At baseline and days 1-4 post-PPVL, there were no significant differences in PP readings between the two groups. Median PP of ϩ/ϩ was 3.9 Ϯ 0.1 mmHg and the median value of Ϫ/Ϫ was 4.2 Ϯ 0.1 mmHg; P ϭ 0.939. Mean values were highest on day 2, 20.2 Ϯ 2.8 mmHg vs. 21.8 Ϯ 1.5 mmHg; P ϭ 0.663, (Fig. 2) . Cd39-null mice, however, developed more pronounced splenomegaly post-PPVL. The spleen/body ratio of both types of animals is shown in Fig. 2 . The spleen/body ratio was significantly higher in the Ϫ/Ϫ mice at day 4 (0.75 Ϯ 0.1 vs. 0.54 Ϯ 0.1; P Ͻ 0.005).
Survival. Analyses revealed increased mortality post-PPVL in Ϫ/Ϫ animals compared with ϩ/ϩ (Fig. 3) . There was one death in ϩ/ϩ from portal thrombosis and eight deaths in the Ϫ/Ϫ group all from intestinal bleeding in absence of portal vein thrombosis (P ϭ 0.024).
Cd39/NTPDase1 expression. Cd39/NTPDase1 expression in pancreatic and mesenteric tissue revealed an increase in the Cd39 expression normalized for GAPDH expression for wildtype animals (n ϭ 5) (Fig. 4, A and B) . In Cd39 Ϫ/Ϫ animals (n ϭ 5), as expected there was no expression of Cd39/ NTPDase1 after PPVL (Fig. 4, A and B) . Substantive Cd39/ NTPDase1 upregulation in mesenteric tissue was observed after PPVL in the Ϫ/Ϫ group (n ϭ 5) compared with ϩ/ϩ group (n ϭ 5) (normalized ratios; P ϭ 0.029).
Intestinal permeability. Significant intestinal and microvascular changes in the splanchnic and mesenteric circulation were noticed in Ϫ/Ϫ after PPVL (days 2-6). There was severe congestion, edema, and tissue hemorrhage of the intestines in all Ϫ/Ϫ animals (Fig. 5) . Evidence of intestinal hemorrhage was evident in a small proportion of Ϫ/Ϫ animals (n ϭ 2). Intestinal and vascular permeability changes with Evans blue infusion were significantly more pronounced in Ϫ/Ϫ than in ϩ/ϩ. At baseline (ϩ/ϩ 6.1 OD/g vs. Ϫ/Ϫ 5.3 OD/g, P ϭ 0.214), there was no clear difference. At day 2 post-PPVL there was a trend toward differences (ϩ/ϩ 7.8 OD/g vs. Ϫ/Ϫ 9.4 OD/g, P ϭ 0.054), and at day 4 there was a significant difference (ϩ/ϩ 6.5 OD/g vs. Ϫ/Ϫ 9.0 OD/g, P ϭ 0.025) (Fig. 6 ).
DISCUSSION
In portal hypertension, one of the main factors responsible for a sustained increase in portal blood inflow is the presence of splanchnic vasodilation that occurs secondary to the excessive release of putative vasodilators such as NO, adenosine, substance P, and endocannabinoids, among others (7, 14, 18, 24) . One of the major deleterious consequences of portal hypertension in humans is the development of gastrointestinal bleeding attributable to gastroesophageal varices. However, local intestinal circulatory changes likely also contribute to bleeding in portal hypertension. To date, the hemodynamic effects of locally generated adenosine (a byproduct of ATP) in an animal model of portal hypertension had not been studied in depth. In this study, we found that Cd39/NTPDase1 is an important vascular factor that plays a key role in the maintenance of vascular integrity and intestinal permeability of animals with PPVL-induced acute portal hypertension.
Extracellular ATP and the phosphohydrolytic products inclusive of adenosine regulate multiple inflammatory pathways. Hypoxia and ischemia, which may occur in the setting of mesenteric occlusion and/or portal hypertensive gastrointestinal bleeding, may reconstitute vascular CD39 immunoreactiv- Fig. 2 . Sequential PP measurements after partial portal vein ligation (PPVL) in wild-type and Cd39-null animals days 0 -4. There were no significant differences in PP readings between the two groups. Median PP of ϩ/ϩ was 3.9 Ϯ 0.1 mmHg, and the median value of Ϫ/Ϫ was 4.2 Ϯ 0.1 mmHg; P ϭ 0.939 (top). The spleen/body ratio of wild-type and Cd39-null animals, days 0 -4 after PPVL, was statistically and significantly higher (*P ϭ Ͻ0.005) in the Cd39-null mice at day 4 (bottom). ity via transcriptional upregulation. Specifically, the human CD39 gene promoter has an important region that induces hypoxia with a critical role for transcription-factor Sp1 associated with hypoxia induction (9) . Other pathways may further enhance extracellular adenosine effects, for example netrin-1. It has been shown that netrin-1 attenuates transepithelial leukocyte migration by engaging neutrophil-expressed A2B adenosine receptor. Hypoxia-inducible factor-1␣-dependent induction of netrin-1 may be considered to attenuate hypoxia-elicited inflammation (27) .
Arterial hemodynamic measurements in Cd39-null mice have shown these mutant mice to be mildly hypertensive and to exhibit far more substantial drops in systemic blood pressure with ATP infusion than matched wild-type animals (10). Our study reveals comparable features with respect to ATP infusion in the portal venous system. In wild-type animals, ATP infusion did not cause any significant change in PP, and L-NNA only caused a minor drop in PP in these animals. In contrast, Cd39-null mice respond to ATP by a fall in PP, likely secondary to endothelial P2Y-mediated release of NO (32) . Similarly, adenosine did not induce significant differences in PP in either of the groups. As this is born out post-L-NNA, ATP generates a substantial increment in PPs, likely as a consequence of vascular smooth muscle cell unbalanced P2X-stimulated vasoconstriction (29, 32) . These data validate the previously recorded aberrant ATP-mediated hemodynamic effects in Cd39-null mice (10) .
PP measurements after PPVL were comparable among quiescent wild-type and Cd39-null animals. Elevations of PP after Fig. 4 . A and B: substantive Cd39/ectonucleoside triphosphate diphosphohydrolase-1 (NTPDase1) normalized for GAPDH expression in mesenteric (top) pancreatic (bottom) tissue after PPVL in wild-type and Cd39-null animals. There was no expression in CD39-null animals. Asterisks denote statistically significant differences at P Ͻ 0.05. wt, wild-type; Ctrl, control; ko, knockout. At day 4 there was a significant difference between wild-type 6.5 OD (optical density)/g and Cd39-null animals 9.0 OD/g, *P ϭ 0.025. PPVL in Cd39-null and wild-type animals were also similar, suggesting that Cd39 ectonucleotidase probably does not play a direct role in portal vascular hemodynamics in the portal hypertensive state including a possible role in the development of angiogenesis in portal hypertension, which has been established in CCl 4 -induced cirrhosis (12) . Substantive derangements in the portal microcirculation and vascular integrity of the splanchnic vasculature post-PVL in Cd39-null mice leading to intestinal hemorrhage were associated with increased mortality post-PVL. Increased vascular permeability, a function of altered cAMP, and decreased adenosinergic effects may play a role (25) . In addition, increased vascular permeability has been shown to occur in animals and humans with cirrhosis and portal hypertension (15, 23) . Proposed mechanisms include structural and functional alterations in the intestinal mucosa that may increase permeability to bacteria, thereby facilitating bacterial translocation, that is, passage of bacteria from the lumen across the mucosa into the mesenteric lymph nodes.
Bacterial translocation, which may occur in acute stress conditions such as trauma, burns, hemorrhagic shock, or liver failure, may further cause increase in cytokine and NO release (31) . These alterations are at least partly due to oxidative stress and increased inflammation (31) . Previous data have demonstrated that intestinal permeability is increased in patients with cirrhosis (6) . This derangement may increase with the degree of liver failure and be associated with significant complications of portal hypertension such as infection and bleeding (28) . Our findings demonstrate that intestinal vascular permeability is significantly increased in Cd39-null mice (to day 4). This increased permeability occurred in tandem with significant intestinal edema and bleeding, leading to increased mortality in Cd39-null mice after PPVL, indicating that the Cd39/NTPDase1 and extracellular nucleotides play an important role in vascular integrity and permeability in the setting of portal hypertension.
In conclusion, Cd39-deficient animals develop deleterious outcomes post-PPVL that are associated with severe splanchnic microcirculatory derangements that contribute to gastrointestinal bleeding and the deleterious effects of portal hypertension. Differential expression of Cd39/NTPDase1 and consequent generation of adenosine in the splanchnic circulation may have important implications for vascular permeability and gastrointestinal hemorrhage in the setting of acute portal hypertension.
